Abstract-This paper presents a novel Initial Value Compensation (IVC) using an additional input for semi-closed control systems. The authors have already proposed the IVC approach using the additional input for residual vibration suppression in the fast and precise positioning control. In the approach, however, an essential subject has been still remained that the positioning control in load side could not satisfy the required performance because the systems have been constructed under the assumption of a semi-closed control system. An improvement of the control performance in load position, therefore, is being discussed in the paper, where the appropriate assignments of poles and zeros in IVC are ensured, considering the transfer functions of position in both sensor and load for the control initial values. The effectiveness of the proposed approach has been verified by numerical simulations and experiments using a prototype.
I. INTRODUCTION
Fast-response and high-precision positioning is one of indispensable techniques in a wide variety of high performance mechatronic systems, such as data storage devices, machine tools, and industrial robots, from the standpoints of high productivity, high quality of products, and total cost reduction. In order to provide the desired fast and precise positioning performance, the control systems should be designed with consideration of initial value responses, while initial values in control systems are generally not zero, especially at the repetitive positioning motion. The authors, therefore, have already proposed an IVC approach with additional input to suppress residual vibrations at iterative positioning operations [1] [2] . However, an essential subject has been remained that the load side positioning performance could not satisfy the required positioning performance, because the IVC has been designed under the assumption of a semi-closed control system [3] [4] [5] . Expansion of the IVC algorithm, therefore, should be discussed to achieve the desired positioning performance in the load side.
This paper presents a novel IVC approach for improvement of the load positioning performance for semi-closed control system. The proposed IVC approach provides the same control performance in both undetectable load position and position sensor signal. The effectiveness of the proposed algorithm has been verified by numerical simulations and experiments for repetitive positioning motions using a positioning device for galvano scanners. 
II. INITIAL VALUE COMPENSATION
A. Subject of initial value compensation for semi-closed control system Fig.1 shows a typical semi-closed control system for positioning, where P t (z) is a plant system, C(z) is a feedback controller, r is a position reference, u is a control input, y l is an undetectable load position, and y s is a position sensor signal in actuator side. U aq indicates an additional input to be superimposed on the controller output, providing the initial value compensation. The outputs y s and y l of semi-closed control system are defined as follows, under the initial values of x cp0 and U aq = 0:
where
, and C cps ∈ R 1×N are real state matrices of the semi-closed control system, and R(z), Y l (z), and Y s (z) are z transformations of r, y l and y s . Here, C cpl is an unknown real state matrix because y l is undetectable. The first term of the right-hand side of (1) represents an original position response for the reference. The second term, on the other hand, expresses an undesired response for the non-zero initial values. Here, the second term is extracted as Y l0 (z) and Y s0 (z), depending on x cp0 .
Here, define x cp0q as an initial value of q-th component in to (2):
In the conventional IVC approach, the following additional input U aq (z) was superimposed on the plant input u in order to avoid the effects of only Y s0q (z) [1] [2] [6] , by using a stable and proper fractional polynomial.
By superimposing U aq (z) on the controller output, Y l0q (z) and Y s0q (z) can be given as follows:
where B cpx ∈ R N ×1 is a real state marix of the semi-closed control system for the additional input U aq (z). The followings can be given by combining the first and the second terms of the right-hand side in (6) and (7):
where each polynomial in (8) and (9) is defined as follows:
Here, (zI − A cp ) −1 is given as follows:
In the conventional IVC approach, zeros in (9) were assigned to cancel D(z) by designing n q (z). The desired poles were, in addition, assigned to achieve the required initial value response of (9) by designing d q (z). The IVC approach for the semiclosed control systems, on the other hand, requires to assign the same desired poles and zeros in (8) as well as in (9).
B. Design method of d q (z)
In order to assign the same poles, d q (z) for the semi-closed control systems should be designed as follows:
is a polynomial to assign the desirable poles, and d c q (z) is designed as follows.
Here,
is a polynomial which includes the common stable zeros in N lu (z) and N su (z), and these stable zeros should be assigned in lower frequency than F m Hz.
Equations (8) and (9) can be modified as follows.
xcp0q (15) These results show that the desired poles can be provided
C. Assignable zeros classification

In order to provide the desired transient responses in Y l0q
and Y s0q with desired poles by d d q (z), the free parameter n q (z) should assign the zeros to cancel D(z) in both (14) and (15). Therefore, n q (z) should be designed by λ n (n = 1, 2, · · · , N b ), according to the following conditions.
Equations (16) and (17) can be modified in the state space expression as follows.
Here, C cpl is an unknown real state matrix. Assignment of the same zeros in (14) and (15) is difficult by determining the n q (z). The difference between (18) and (19) is C cpl and C cps . Therefore, under the following assumption in (20), C cpl v n and C cps v n become scalar and (18) and (19) become the same.
The free parameter n q (z), therefore, can be designed to assign the same zeros in (14) and (15), by the same manner as in the conventional IVC approach. From (20), the classification of assignable zeros for semi-closed control system is given as follows. The assignable zeros are eigenvalues of A cp whose dimension of eigenspace should be one. Here, n q (z) is assumed to be represented by the following polynomial with undetermined real coefficients a k (k = 1, 2 . . . g).
Under the assumption that the eigenvalue λ n satisfies the above classification, λ n does not include the multiple eigenvalues, and the order of (21) is selected as g = N b − 1, the coefficients a k in n q (z) can be determined using the following equation to satisfy (16) and (17), by combining (17) and (21).
III. POSITIONING MECHANISM AND CONTROLLER OF GALVANO SCANNER
A. Configuration of positioning system Fig.2 shows a configuration of positioning device for the galvano scanner as an experimental setup [7] . The galvano scanner is composed of a servo motor with a galvano mirror, where the mirror angle y l is indirectly detected by an angle sensor in motor side. The detected sensor angle y s is transferred in a DSP controller through an interface. The servo motor is driven by a current controlled amplifier with the current reference generated by the position controller. The positioning control system for galvano scanner, therefore, is operated as a typical semi-closed control system.
The galvano scanner can be modeled by a multi-mass body system whose bode characteristics of motor angle y s for current reference i ref are plotted by solid lines in Fig.3 , and bode characteristics of mirror angle y l for current reference i ref are plotted by solid lines in Fig.4 , respectively. From these figures, the mechanism includes the first vibration mode (3020 Hz), the second vibration mode (6240 Hz), and other vibration modes in the higher frequency range, and a dead time component due to the current control delay, affecting the positioning performance. The difference between Fig.3 and Fig.4 can be shown in the phase characteristics of the vibration modes. In the proposed controller design, the following polynomial is formulated as a nominal plant model for Fig.3 , consisting of a rigid mode, vibration modes up to k = 2, and a dead time component:
where K p : gain which includes moment of inertia and torque constant of motor, ω nk : natural angular frequency of nth vibration mode, ζ nk : damping coefficient, K k : gain, and L: equivalent dead time (= 15.5 µs), respectively. The broken lines in Fig.3 show the bode characteristic of the nominal model P n (s).
The desired control specification is given as a point-to-point r + -velocity observer positioning with the settling time of 0.9 ms for the typical position reference amplitude of 1.5 mm. This settling time means the achievement of higher servo bandwidth above 1 3 frequency comparing to the first vibration mode, requiring a fast and precise positioning performance with resonant vibration suppression, system robust stabilization, and dead time compensation. Fig.5 shows a block diagram of the actual positioning system using I-PD compensation, where P n (z) denotes the discrete transfer function for P n (s) using zero-order hold, r is the motor angle reference, and u(= i ref ) is the motor current reference as a control input, respectively. In the compensators, C I (z) denotes an integral compensator, C P (z) denotes a proportional compensator, "velocity observer" denotes a derivative compensator with approximate differentiation, and C S (z) is a stabilizing compensator composed of a notch filter, which ensures the vibration suppression and the robust stability of the closed control loop. Here, the transfer function indicated by a dotted line in Fig.5 is assumed as an augmented plant system P t (z), and the integral compensator C I (z) is assumed as a feedback controller C(z) for the augmented plant system P t (z), corresponding to the general semi-closed control system shown in Fig.1 . The additional input of IVC, therefore, is superimposed on the u in Fig.5 . The solid lines in Fig.6 [a] and [b] indicates an experimental position error waveforms of y s and y l , where the position reference with amplitude of 1.5 mm is given as the input of I-PD controller in Fig.6 . The I-PD controller achieves the desirable positioning with the specified settling performance in time, while the experimental position error waveform has residual vibration depending on the first vibration mode after getting to the target position. The broken line in Fig.6 [a] , on the other hand, shows a numerical simulation waveform for the same motion. These two waveforms coincide well, proving the effectiveness of the mathematical plant model P n (s) in (23).
B. Positioning controller
It is important for galvano scanner to provide the desired fast and precise positioning performance in both y s and y l for arbitrary repetitive position references with shorter interval period. Although the waveform for a single-reference motion can satisfy the control specification as shown in Fig.6 , the expansion of servo bandwidth excites the residual vibration corresponding to the first vibration mode, which directly affects the settling characteristics at the next motion as the initial values. Here, the positioning performance was verified for a sequential back-and-forth position motion between 0 and 1.5 mm. Fig.7 gives an example of the experimental position error waveforms of y s and y l for the reference with typical interval periods of 1.5 ms, where Fig.7 indicates superimposed 10 trials of the back-and-forth waveform. The left waveforms during 0 to 1.5 ms in Fig.7[a] [b] correspond to the responses for forth motion, and the right waveforms after 1.5 ms, on the other hand, correspond to the ones for back motion. Notice that the thick line in the left waveforms in the figure represents the response at the first motion with zero initial value, which satisfies the desired positioning. Other waveforms, on the other hand, show scattered residual vibrations due to the undesired initial values corresponding to the first vibration mode, which deteriorate the positioning accuracy. 
IV. EXPERIMENTAL VERIFICATIONS
A. Design of IVC controller
In order to suppress the residual vibration in transient response of the prototype, the following additional input by the proposed IVC approach is superimposed, where two initial values of position θ 10 and velocity ω 10 , corresponding to the first vibration mode, are selected as the compensated initial values.
Here, initial value compensators
d2(z) are designed by the proposed approach shown in chapter II.
A control free parameter F m determined in (12) and (13) is selected as of 10 kHz, considering the saturation of a power amplifier [6] . In the actual target positioning system in Fig.5 , the transfer function of y s for u has 13 zeros including 6 zeros corresponding to N c u (z). The numerator N su (z) = N su (z) · N c u (z), therefore, is divided by 6th-order N c u (z) and 9th-order N su (z). The closed-loop system matrix A cp has 13 eigenvalues which should be canceled by the IVC approach in chapter II. These eigenvalues, therefore, can be canceled by the design of n 1 (z) and n 2 (z) for semi-closed control system. The polynomial n 1 (z) and n 2 (z) should be of 12th-order with undetermined real coefficients a k . This design, as a result, enables these 13 eigenvalues to be completely canceled and allows the compensators Fig.10 shows the experimental position error waveforms for the same repetitive reference as in Fig.7 by the conventional IVC approach [1] [2] . Fig.11 , on the other hand, indicates the experimental position waveforms by the proposed IVC approach. Here, Fig.10 and Fig.11 are displayed as the same manner as of Fig.7 . In the Fig.10[a] , all the responses y s have been coincided with the thick line of the response at the first motion with zero initial condition. All the responses y l in Fig.10[b] , however, did not coincide with the thick line. From the Fig.11 , on the other hand, the residual vibrations have been effectively suppressed for both y s and y l and, as a result, all the responses y s and y l coincided with the thick line, respectively. This performance improvement verifies the effectiveness of the proposed IVC approach.
C. Experimental results
V. CONCLUSIONS
In this paper, a novel initial value compensation for the semi-closed control system was proposed. According to the proposed IVC approach, initial value responses in motor and load positions can be compensated, even if the load position is undetectable. The effectiveness of the proposed approach was verified by the numerical simulations and the experimental results in the repetitive positioning trials for the prototype.
